Replication stress can drive genetic instability and is associated with chromosomal instability in cancer and during reprogramming of stem cells, however the exact mechanisms connecting replication stress to chromosome aberrations are not known. Here we use single cell DNA sequencing to precisely map DNA copy number alterations (CNAs) after one cell division cycle under replication stress in two diploid cell types to megabase pair resolution.
Introduction
Replication stress has been shown to drive chromosomal instability (CIN) in cancer 1, 2 and induced pluripotent stem cells 3 and can be driven by oncogenes 4, 5 , low nucleoside concentrations 6, 7 and difficult to replicate DNA sequences or structures 8, 9 . High levels of replication stress can activate cell cycle checkpoints and lead to senescence that can form a barrier to tumour initiation 10, 11 . Low levels however can bypass ATM and Chk1 activation 12 suggesting replication stress could act as a 'stealth' CIN mechanism in the presence of functional cellular checkpoints. Precisely how replication stress causes CIN remains unclear because the consequences on the genome of replication stress are only partially mapped, to date relying mainly on low-resolution cytogenetic analyses that detect breakpoint regions in metaphase spreads, termed common fragile sites (cFSs). Replication stress-induced DNA copy number alterations (CNAs) have also been detected using array comparative genomic hybridisation (aCGH) [13] [14] [15] which provides high resolution but is limited to the detection of those CNAs that survive clonal outgrowth. Replication stress induced CNAs mapped to date may therefore potentially represent only a minor fraction of the effects of replication stress on the genome.
To understand the precise and acute changes to the genome upon replication stress, we analysed CNAs induced after one cell cycle under replication stress caused by low dose aphidicolin, using single cell low pass whole genome sequencing, and in two diploid human cell types. This approach revealed multiple distinct classes of CNA, some of which were recurrent and clustered at characteristic genomic sites. A subset of large CNAs originated via chromosome breakage during mitosis, acentric lagging chromatin at anaphase, and acentric micronuclei in the following G1, explaining the aetiology of replication stress-induced chromosome segregation errors. Surprisingly, given the large number of previously-mapped cFSs in the genome, this subset was confined to only a few sites in RPE1 cells, resulting in the majority of acentric chromatin fragments and micronuclei comprising material from only three chromosomes. We performed single cell sequencing to determine DNA replication timing and bulk RNA sequencing to analyse gene expression in the same cell types, providing a complete picture of the factors involved in precipitating CNAs during replication stress from two different cell types. Large CNAs were generally associated with large or giant genes, low surrounding gene transcription levels and later replication timing. One highly recurrent fragile region of chromosome 7 in RPE1 cells appeared dependent on RPE1-specific gene transcription of a nearby giant gene, AUTS2. Small gains tended to be associated with higher gene transcription and early replication timing. With this novel approach therefore we have compiled a comprehensive catalogue of the CNAs induced acutely after replication stress, and begun to elucidate the mechanisms that link replication stress to chromosomal instability.
Results
Replication stress induced by low dose aphidicolin results in multiple classes of CNA that are associated with distinct genomic regions.
To identify CNAs induced by replication stress we treated two diploid, telomerase-immortalised human cell types;
retinal pigment epithelial (RPE1-hTERT, hereafter RPE1) cells and foreskin fibroblasts (BJ-hTERT, hereafter BJ), with low doses of the DNA polymerase inhibitor aphidicolin for 24 hours. Induction of replication stress and genomic instability was verified by increases in replication stress-related DNA damage, namely gH2AX foci in prometaphase cells, segregation errors in anaphase and 53BP1 bodies in G1 cells as well as micronuclei in interphase cells (Figure 1a-d; Figure S1a -l). We then performed low pass single cell sequencing of G1 cells to detect whole and partial chromosome copy number changes [16] [17] [18] (Figure 1e ) using EdU labelling to verify that cells in G1 had undergone DNA replication during that 24 h treatment period ( Figure S2a ,b). To gain greater depth of coverage we employed a modified library preparation protocol and sequenced at higher depth which generated ~ 0.04x coverage considering unique reads only (see Methods and Supplemental Table 1 ). This approach detected several classes of CNA, including a known sub-clonal trisomy of chromosome 12 and a clonal 10q amplification in RPE1 cells, and confirmed the XY karyotype of the BJ cells (Figure 1f-g; Figure S2c ). In both cell types a set of recurrent focal amplifications were observed in both control and aphidicolin-treated cells. We reasoned that these likely represented existing structural variations present at clonal or sub-clonal frequencies since they were unique to each cell type. To verify that small amplifications were not simply general artefacts of the sequencing approach, we performed array comparative genomic hybridisation (aCGH) which verified the presence of a 2Mb focal amplification at chromosome 3p14.2 present in the majority of RPE1 cells ( Figure S2d ). We are thus able to detect sub-chromosomal CNAs of 2 Mb with confidence using this approach. To visualise the landscape of replication stress-induced CNAs we removed clonal copy number variants, and other CNAs that occurred in or near centromeric regions that were likely mapping artefacts, and collated CNA events from 362 single RPE1 cells ( Figure 1h ). Aphidicolin treatment lead to an elevated rate of CNAs in both RPE1 and BJ cells with 50 % RPE1 cells and 57 % BJ cells exhibiting at least one aphidicolin-induced CNA (hereinafter 'aCNA') ( Figure 1i ). We noticed that aCNAs were either focal amplifications or deletions between 1-20 MB, or much larger amplifications or deletions (>20 MB) that often extended from the single breakpoint to the end of the chromosome arm ('large terminal aCNAs'; Figure 1j ,k). Intriguingly, these distinct classes of aCNA tended to occur at different regions of the genome in both RPE1 and BJ cells ( Figure 1h ; Figure S2c ). We hypothesised that different mechanisms may operate to drive these classes of lesion.
A small number of genomic sites are prone to replication-stress induced chromosome mis-segregation events and micronuclei containing a small subset of chromosomes.
Three regions, on chromosomes 1, 2 and 7, were recurrently prone to large terminal CNAs in RPE1 cells ( Figure   2a ). We wondered if these events could be connected with chromosome segregation errors observed following aphidicolin treatment 1 (Figure 1a Figure S3a -e). Furthermore the majority (78%) of lagging chromatin fragments contained a focus of DNA damage at one, or both ends, as marked using antibodies to gH2AX (Figure 2b,d ). We reasoned that if chromosome mis-segregation in RPE1 cells resulted from the large terminal aCNAs initiated at these recurrent breakpoints, then these chromosomes should be overrepresented in lagging chromosome fragments. Because anaphases are rare in asynchronous RPE1 cells, we analysed the identity of chromosomal material encapsulated within micronuclei that result from mis-segregating chromatin thus providing a record of previous chromosome segregation errors. FISH-based painting of specific chromosomes revealed that 18, 12 and 42 % of micronuclei in aphidicolin-treated RPE1 cells contained material from chromosomes 1, 2 or 7 respectively, whereas this enrichment was not observed in control cells (Figure 2e ,f). This suggests that large terminal aCNAs are generated from breakage during mitosis, potentially as a result of condensation-induced rupture of under-replicated regions 19 , followed by either mis-segregation into the wrong daughter cell (leading to gain of genetic material), or incorporation into micronuclei (leading to loss of genetic material). Since micronuclei are lost during preparation for single cell sequencing 17 this explains the bias towards losses of these large regions in single cell sequencing data (Figure 2a ). These data are in agreement with a previous study that noted increased interphase aneuploidy of chromosomes harbouring common fragile sites in HCT116 and MRC5 cells 20 .
Transcription of giant genes can underlie cell type-dependent susceptibility to large aCNAs.
We noticed that the region of chromosome 7q that was highly prone to large terminal aCNAs in RPE1 cells was less frequently altered in BJ cells ( Figure 3a ). Recurrent breakpoints in chromosomes 1 and 2 also followed this trend although to a lesser extent. These large aCNA-associated fragile regions were often obviously close to large (>600 Kb) or giant (>1 Mb) genes ( Figure 3b ). Large genes have been previously associated with fragility under replication stress although the exact causes remain debated. It is known that common fragile site expression can vary between cell types and this is proposed to be a consequence of tissue-specific gene expression programs. To test whether gene expression differences at large and giant genes might underlie the cell-type dependent fragility on chromosome 7q, we performed RNA sequencing to determine the abundance of gene transcripts genomewide in RPE1 and BJ cells treated with DMSO or aphidicolin. Total expression levels were broadly similar between the two cell lines ( Figure S4a ). In line with previous studies 13, 21 aphidicolin treatment did not greatly impact gene expression globally, or of large or giant genes specifically ( Figure S4a ). AUTS1 and MAGI2 are giant genes close to the RPE1-specific aCNAs on chromosome 7q (Figure 3b ). AUTS1 was expressed in RPE1, and not BJ cells ( Figure   3c ), suggesting that gene expression is a requirement for the fragility of this large-gene associated site, in line with a previous study 13 . However there was no clear effect of gene expression status at other large or giant genes within RPE1-specific recurrent large aCNA sites, and gene expression of many candidate genes was undetectable in both cell types ( Figure 3c ). We next analysed the genome-wide relationship between large aCNAs and proximity to large or giant genes for all classes of aCNA by plotting the distance to the nearest large or giant gene ( Figure   3d ). For large losses in both RPE1 and BJ cells, and large gains in BJ cells the mean distance to the nearest large gene was significantly lower compared to a set of randomly placed control regions. Additionally, large losses and gains in both cell lines exhibited populations of aCNAs that were very close to large or giant genes ( Figure 3d ).
These observations suggest that proximity to large and giant genes appears to be linked to fragility but that steady state gene expression levels could not explain all differences in fragility between different cell types. To assess whether differences in replication timing of these regions could contribute to differences between RPE1 and BJ cells we performed single cell sequencing based replication timing analysis in a similar manner to a recent study 22 , isolating cells from 4 separate S-phase fractions to increase the resolution of DNA timing ( Figure S4b-d ). Single cell replication timing profiles were similar to replication timing profiles derived from sequencing of bulkpopulations ( Figure S4e ) and provided the opportunity to define the replication timing based on the proportion of cells that had replicated a given genomic region summed across the four quartiles of S-phase ('Replication timing factor', see Methods). This revealed that replication timing was similar between both cell types at all large genes analysed, including chromosome 7 genes AUTS2 and MAGI2 (Figure 3e ), suggesting this was not a major determinant of fragility per se. The most frequent aCNAs observed in both cell lines were small amplifications (1-20 Mb) (Figure 1j ,k). However the cause for these was not immediately apparent. Other studies have suggested a role for large genic transcription units in triggering hotspots of CNAs 13 but causes of small gains specifically are not clear. We therefore systematically searched for potential factors that could promote focal amplifications. We analysed the sum of gene expression within a 2 Mb window centred around breakpoints categorised into each CNA class. We then compared this to gene expression of 470 randomly placed breakpoints to serve as a control (Figure 4a ). Most CNA categories (large losses, large gains, and small losses) were not significantly different to control regions but tended towards lower gene expression. In contrast, focal amplifications exhibited a wide range of gene expression density with a mean significantly above that of control regions in both RPE1 and BJ cells ( Figure 4a ). We also plotted the replication timing of the genomic regions encompassing aCNA breakpoints. Small gains were again notably different to the other aCNA categories in that they were replicated significantly earlier than control regions whereas other aCNA classes tended to be replicated late ( Figure 4b ). Lastly, since the focal amplifications tended to be less obviously clustered in the same genomic regions, we wondered whether we had overlooked an association with proximity to large or giant genes, as had been observed for large terminal aCNAs (Figure 3d ).
Referring to this analysis we noticed that, in contrast to large gains and losses and focal losses, focal amplifications exhibited a similar distribution of proximity to large or giant genes to the randomly placed breakpoints ( Figure   3d ). We conclude from this that, as a class, small amplifications are associated with higher gene expression and earlier replication timing compared to large CNAs, and are not obviously associated with proximity to large or giant genes.
Discussion
Single cell sequencing of replication stress induced CNAs provides a complement to previous studies and can detect non-recurrent focal amplifications. Here we sought to comprehensively assess the impact that replication stress has on the genome. Previous studies tended to focus on a small number of recurrent fragile sites to understand molecular mechanisms operating to drive fragility under replication stress, potentially underlying some of the apparent conflicting views on the causes of fragility. A major advantage of our single cell sequencing approach is that we can follow not only large chromosomal breaks and gaps, but also the resulting copy number alterations induced at specific loci following replication stress at a resolution of at least 2 Mb. Replication stressinduced CNAs have been previously mapped to high genomic resolution using clonal outgrowth of cells where it was concluded that replication stress induced CNAs tend to occur at cFSs 13 . Our approach is additionally able to detect CNAs that might not be propagated in the population during clonal growth. We detected a large number of aphidicolin induced CNAs. We showed that large terminal aCNAs, often arising close to large or giant genes, convert into lagging chromosome material and micronuclei. These are likely to correspond to conventional cFSs.
Additionally we detected a large number of small amplifications, many of which are unlikely to correspond to cFSs. First, many were not in recurrent positions and therefore would not be detected as common fragile sites (usually defined as representing at least 1% of cFSs). Second, the majority of aCNAs we detected were smaller than 20 Mb in size and therefore not detectable by cytological analyses. Moreover, small amplifications tended to occur in locations distinct from sites of large CNAs, suggesting they are caused by mechanisms distinct from those leading to previously mapped cFSs. A limitation of our study is that we cannot detect CNAs smaller than approximately 2 Mb with high confidence. We are also not currently able to sequence breakpoint junctions. Improving sequencing depth by using pre-amplification of single cell whole genomes would improve resolution to allow analysis of the sequences to reveal likely DNA repair mechanisms involved in generating aCNAs for example microhomology mediated mechanisms, or non-allelic homologous recombination.
What is special about recurrent sites of large terminal CNAs?
Large and giant genes have been proposed to cause fragility under replication stress due to a number of mechanisms including late 13, [23] [24] [25] or delayed replication timing 21, 26 , lack of origin density 27 , replicationtranscription collisions during S-phase 5, 13, 28 and gene expression in G1 that removes licensing complexes and reduces origin density 26, 29, 30 . We showed that large terminal aCNAs were generally close to large or giant genes, and that in the case of the most highly recurrent site of aCNAs in RPE1 cells this was likely due to the RPE1-specific gene expression of the nearby giant gene AUTS2. However, later replication timing or steady state gene expression did not readily explain most cell type-dependent differences in fragility at recurrent large aCNAs (Figure 3c-e ). We were also surprised by how few sites were prone to large terminal aCNAs, despite the presence of ~ 150 large or giant genes in the genome, many of which are expressed, and tend to replicate late 25 . There may be other factor(s) involved in predisposing these specific genomic sites to fragility. For example these genes may lie in regions that are replicated early or mid S-phase in normal cells but could be delayed in timing in the presence of aphidicolin 21, 26 which would explain their fragility. The timing or rate of active gene transcription may also be an important factor that we were unable to detect with RNA sequencing. Performing alternative methods to measure active gene transcription is likely to shed further light on this. A second possibility is that variation in the population at the single cell level could account for fragility, since although these regions are considered recurrent they still only occur in 1-5% cells. Gene expression is known to vary widely between individual cells. Therefore single cell RNA sequencing may give an indication of whether, despite similarities at the bulk population level, variability in gene expression at the single cell level could explain why a subset of single cells are prone to specific aCNAs. Lastly, although we did not detect any obvious differences in replication timing at these large genes it is possible that delayed replication induced by replication stress could enhance fragility, as recently shown 21, 26 . In our study we analysed replication timing from control-treated cells but it would be interesting to determine whether fragility of these regions correlates with aphidicolin-specific delays in replication timing. Our ability to characterise single cell-level differences would also provide interesting insights into the variability of such delays across individual cells.
What causes focal amplifications?
The majority of aCNAs detected in RPE1 and BJ cells were small amplifications. Although many of these were not in recurrent positions, these were infrequent in control-treated cells, and usually above 2 Mb in length, giving us confidence that the majority represent bona fide aphidicolin-induced CNAs. These small gains tended to be earlier replicated and within regions of higher gene expression that other CNA classes and the genome as a whole, but it is likely that additional factors are involved in promoting instability at these positions. Small gains may occur not as increased predisposition to fragility per se, but an increased propensity to be aberrantly repaired or dealt with under replication stress. For example underlying sequence features such as tandem duplications may promote aberrant recombinatorial repair. It is tempting to speculate that these aCNAs may represent a novel class of lesion Fluorescence In Situ Hybridisation (FISH) Cells were grown on glass slides, fixed in methanol/acetic acid, then put through an ethanol dehydration series.
Pan-centromeric probe (Cambio) was denatured at 85°C for 10 minutes then applied to slides, which were then incubated in a humidified chamber overnight at 37C. The following day, slides were put through a series of washes (one 5 min wash at 37°C in 2xSSC, two 5 min washes at 37°C in 50% formamide/2xSSC, two 5 min washes at RT in 2xSSC). For chromosome painting, paint (Cytocell) was applied to the slide at 72°C for 2 min, then left overnight at 37°C in humidified chamber. The following day, slides were washed once with 0.4xSSC at 72°C for 2 min, then 2xSSC/0.05% Tween at RT for 30 s. After either staining methods, slides were then stained with DAPI, then coverslips with Vectashield were applied and sealed.
Microscopy
Images were acquired using an Olympus DeltaVision RT microscope (Applied Precision, LLC) equipped with a Coolsnap HQ camera. Three-dimensional image stacks were acquired in 0.2 μm steps, using Olympus 100× (1.4 numerical aperture), 60× or 40× UPlanSApo oil immersion objectives. Deconvolution of image stacks and quantitative measurements was performed with SoftWorx Explorer (Applied Precision, LLC). Analysis was performed using Softworx Explorer.
Single cell Sequencing
Samples from control and experimentally-induced aneuploid cells were sorted by FACS prior to next-generation sequencing library preparation and data analysis using AneuFinder as previously reported 16, 31 except that the Strand Seq library preparation protocol 32 was used to create higher complexity libraries. Single nuclei were isolated and stained with 10 µg/mL propidium iodide and 10 µg/mL Hoechst. Single nuclei with low Hoechst/PI fluorescence (G1 population) were sorted into 96-well plates containing freezing buffer using a FACSJazz (BD Biosciences). Pre-amplification-free single-cell whole genome sequencing libraries were prepared using a Bravo Automated Liquid Handling Platform (Agilent Technologies, Santa Clara, CA, USA), followed by size-selection and extraction from a 2% E-gel EX (Invitrogen). Single-end 84 nt sequence reads were generated using the NextSeq 
Generation of randomly placed control regions
Random genomic coordinates and 1 Mb intervals were generated using the bedtools random script from the BEDTools software 33 . 500 random coordinates were generated, 376 of which could be mapped to the genome during analyses of gene expression and replication timing.
RNA isolation, sequencing and analyses
Total RNA was extracted (RNeasy kit, Qiagen) from BJ and RPE1 cells, treated with either DMSO or aphidicolin, from three biological replicates. RNA quality was analysed on Tapestations, with RIN numbers were above 7.0.
Library preparation was performed using the Lexogen 3' tagSeq kit. RNA sequencing was performed by Barts and the London Genome Centre on the Illumina NextSeq 500 platform, generating on average ~1 million single-end reads of 76 bp in length per sample. Raw reads were mapped to the human genome (hg38, Genome Reference Consortium GRCh38) using HISAT2 34 . Number of uniquely aligned reads (q > 10) to the exonic region of each gene were counted using HTSeq 35 based on the GenCode annotation release 29. Only genes that achieved at least one read count per million reads (cpm) in at least three samples were kept and a log2 transformed cpm expression matrix was subsequently generated. Differential expression analysis was performed using the 'limma' R package 36 .
In order to analyse total gene expression levels at aCNAs in Figure 4 we generated a 2 Mb window of analysis centred around the putative breakpoint. The average expression of all genes in that window was summed. These values were then plotted in categories of small (<20 Mb) or large (>20 Mb) gain and loss CNAs. For large and giant gene expression analysis in Figure 3 we used the mean gene expression from three biological replicates.
Replication Timing
For replication timing both single and bulk G1 cells serving as controls were sorted. For experimental samples we sorted various S-phase populations based on DNA-content (late G1/early S; early S/mid S; mid S/late S; late S/early G2). Single-cell sequencing was performed and reads were processed as described above. The replication timing method as described by Takahashi 22 was then applied. Uniquely mappable sequence reads were binned into 1 Mb bins. Read counts per bin were then determined and converted into a read proportion across all reads. Bins with a read proportion lower than the 0.1 quantile were excluded. Quantiles were calculated separately for the autosomes and X-chromosome in male samples (the Y-chromosome was not included, neither were aneuploid chromosomes). To correct for variable mappability median centering was applied using the data from G1 cells as a reference. Correction factors were calculated by dividing the average read proportion by the proportion of each bin. Bin proportions were then multiplied by the correction factors to yield a corrected average proportion per bin. To determine whether a bin was replicated or not a quantile cut-off was applied per S-phase population to reflect the fraction of the genome expected to be replicated at that moment (i.e. 0.125, 0.375, 0.635, 0.875 for the population mentioned above). Bins with read proportion greater than the quantile cut-off set per S-phase population were designated as 'replicated' (blue in the plots). Conversely bins with proportions below the quantile cut-off were designated 'unreplicated' (yellow in the plots).
Replication timing Factor
For each bin, we determined whether the genome was replicated or not (1= replicated, 0= not replicated), in each of the single cells, at each of the four replication phases (early S phase, mid S phase, mid-late S phase and late S phase). We then summed the values across all replication phases, creating the replication factor value, where higher values represent earlier replication. We then categorised the range of replication factor values in four quartiles. Lowest quartile represents late replicated bins and highest quartile indicates bins that were replicated in early S phase, with mid-early and mid-late quartiles in between the two. To calculate large gene replication timing, we took the average replication factor for the two genomic bins that covered that large gene.
Array comparative genomic hybridisation (aCGH)
aCGH was performed by Aros AB (Denmark) using a Genome-Wide Human SNP Array 6.0 (Affymetrix) and data were analysed in the Chromosome Analysis Suite (CAS, Affymetrix). Data were transformed from global references obtained from signals in the CAS normalised reference library.
Statistical analysis
Unpaired t-test or one-way ANOVA Kruskal-Wallis test with post-hoc Dunn's correction were used to test for levels of significance using either Excel or Prism (GraphPad). Asterisks have been used to denote the significance value between experimental conditions adhering to the following nomenclature: p<0.05 (*); p<0.005 (**); p<0.0005 (***); p<0.00005 (****). 
